molecules with 5Ј-OH and 2Ј,3Ј cyclic phosphate termini.
tRNA-intron structures that typify the three kingdoms are shown. The catalytic RNA represents a group I or group II intron.
The tRNA ligase then covalently joins the half-molecules recognize a specific structure, the bulge-helix-bulge, at the exon-intron boundaries. Consistent with recognition of a structural element, introns at different positions within archaeal tRNAs, and even in the rRNAs, could be accurately excised by the archaeal endonucleases. Intriguingly, the presumed secondary structures of archaeal and eukaryotic tRNA precursors are somewhat similar, especially near the 3Ј splice site, where the A-I interaction in eukaryotes creates a 3-nucleotide bulge that is identical to that in the bulge-helix-bulge motif recognized by the archaeal enzyme (Figure 1 ). Yet, the yeast and archaeal enzymes are unable to process each other's tRNA precursors (Palmer et al., 1994) , suggesting distinct substrate recognition mechanisms, or even separate processing systems with independent evolutionary origins. However, these differences between the eukaryotic and archaeal endonucleases now seem more apparent than real; recently it has been shown, using the frog tRNA endonuclease, that the ruler mechanism applies to the 5Ј splice site, but cleavage of the 3Ј splice site (where the A-I pair is important) can be dictated by local structure (Di Nicola Negri et al., 1997) .
Clearly lacking from these earlier studies was an appreciation of the processing machinery. Some of these gaps in knowledge have now been bridged by characterization of the tRNA splicing endonucleases from the yeast Saccharomyces cerevisiae and the archaeon Haloferax volcanii (Trotta et al., 1997; Kleman-Leyer et al., the archaeal enzyme being a homodimer of 37 kDa subgenerate 5Ј-OH and 2Ј,3Ј cyclic phosphate termini, the tRNA halfunits, whereas the yeast enzyme is a heterotetramer molecules are processed by ligase, which has four activities: kinase, consisting of 54, 44, 34, and 15 kDa subunits ( Figure 2B ).
to phosphorylate the 5Ј-OH using GTP; cyclic phosphodiesterase
The surprise, after years of painstaking biochemistry on (CPDase) , to open the 2Ј,3Ј cyclic phosphate generating a 2Ј-phosthe scarce and membrane-bound yeast enzyme, is that phate; adenylate synthetase (ASTase), to adenylylate the 3Ј halfmolecule and activate the ligase using ATP; RNA ligase, to join the two of the subunits, the 44 kDa Sen2 and 34 kDa Sen34 half-molecules. The 2Ј-phosphate at the splice junction is removed subunits, are homologous to each other and to the hoby a 2Ј-phosphotransferase (PT-ASE) requiring NAD as an acceptor, modimeric H. volcanii enzyme. The homology, which and leaving a 3Ј-5Ј linkage.
spans some 115 amino acids, is also shared by potential (B) Subunit structure of intron-processing endonucleases. An arendonucleases inferred from the genome sequences of chaeal homodimer interacting at the bulge-helix-bulge is shown the archaea Methanococcus jannaschii and Methanoon the left, and a eukaryotic heterotetramer is shown on the right (Kleman-Leyer et al., 1997; Trotta et al., 1997) . Green balls represent bacterium thermoautotrophicum, and a gene of unputative catalytic subunits with notches indicating the splice sites. known function from Zea mays. The homologous region is presumed to be the cleavage domain, mainly because eukaryotic tRNA introns. An endonuclease cleaves the the sen2-3 mutation, which selectively blocks 5Ј cutting, splice sites to generate 5Ј-OH and 2Ј,3Ј cyclic phosphate is caused by a nonconservative mutation (G292D) within termini, and the exons are subsequently ligated to yield this region. When these facts are put together-the re-3Ј-5Ј phosphodiester bonds. lated endonuclease subunits and the distinctive 5Ј-OH Despite similarities between eukaryotic and archaeal and 2Ј,3Ј cyclic phosphate processing intermediatestRNA splicing in chemistry (both proceeding through 5Ј-they smack of a common origin for the archaeal and OH and 2Ј,3Ј cyclic phosphate intermediates) and in eukaryotic tRNA splicing pathways. position (many introns residing just 3Ј to the anticodon),
A One-Subunit-One-Splice-Site Model The archaeal endonuclease is a homodimer, and the 5Ј substrate recognition by the tRNA endonucleases appears to be different. The yeast and frog enzymes use and 3Ј splice sites of archaeal tRNA are positioned within a 2-fold symmetric bulge-helix-bulge structure (Figure a ruler mechanism to measure from some position in the mature domain of the tRNA to the cleavage sites at 1). This obvious correspondence points to a one-subunit-one-splice-site hypothesis with two active sites the exon-intron boundaries (Reyes and Abelson, 1988) . Additionally, a conserved purine residue in the intron ( Figure 2B ). By analogy, one subunit of the heterotetrameric yeast enzyme is hypothesized to cleave the 5Ј splice three nucleotides from the 3Ј splice site (Figure 1 , R in box) must pair with a pyrimidine in the anticodon loop site and a second to cleave the 3Ј splice site ( Figure  2B ). But cleavage of symmetrical splice sites by a homo-6 nucleotides upstream of the 5Ј splice site (Figure 1 , Y in box) to form the A-I (for anticodon-intron) interaction dimeric endonuclease in archaeal tRNA precursors does not guarantee the one-subunit-one-splice-site scenario. (Baldi et al., 1992) . In contrast, the archaeal endonucleases seem not to use a ruler mechanism, but rather to Several homodimers including reverse transcriptase, some tRNA synthetases, and thymidylate synthase have are associated with other domains that impart specificity functionally or structurally nonequivalent subunits of and novel molecular associations, provide a versatile identical sequence. However, experiments on yeast strategy for diversification of molecular machines in tRNA intron excision provide additional support. First, many different biological processes. the one-subunit-one-splice-site model is favored by Antiquity of the Splicing Endonuclease-But the random cleavage order of yeast tRNA precursors,
What of tRNA Introns? since a one-active-site model relying on conformational
The related endonucleases and similar tRNA splicing changes between cleavage reactions would predict an pathways in archaea and eukaryotes bespeak the antiqobligatory order of reaction. Second, the G292D mutauity of the cleavage reaction. Although a homodimeric tion in the Sen2-3 mutant inactivates 5Ј splice-site cleavendonuclease is likely to predate the divergence of arage, suggesting that Sen2 acts at the 5Ј splice site. chaea and eukaryotes (there is no evidence for genetic Third, mutation of a conserved histidine of the Sen34 exchange between these two kingdoms), the new resubunit to alanine (H242A) results in accumulation of sults do not necessarily imply that tRNA introns are the intron-3Ј exon two-thirds molecule, suggesting that ancient. Neither do the data necessarily suggest that the Sen34 acts at the 3Ј splice site (Trotta et al., 1997) . These primordial function of the endonuclease was to remove results provide strong support for the one-subunit-oneintrons from tRNA. Given the difference in splice site splice-site model. The divergence of a more ancient recognition, and the disparate nature and locations of homodimeric endonuclease into two different subunits the introns themselves (in archaea they are found in might then explain the different 5Ј and 3Ј splice-site rRNA as well as in different locations within tRNA), one cleavage structures in yeast.
can easily envision that a preexisting endonuclease was The Catalytic Cartridge Concept recruited independently for different processing reacThe sequences conserved among the phylogenetically tions. The function of such an endonuclease in the last diverse splicing endonucleases are likely to form the common ancestor might even have been processing of catalytic center of the different subunits. The divergent rRNA precursors as found in modern archaea. sequences of each subunit might then be associated These new findings therefore tell us little of the origin with the catalytic cartridge to effect recognition of differof the tRNA introns. Several scenarios can be imagined ent splice sites or to perform such accessory functions to account for the origin and location of the proteinas subunit-subunit association or membrane binding. dependent tRNA introns extant in archaea and eukaryIndeed in the yeast system there is evidence for all three otes. The two major pathways involve de novo acquisifunctions, namely, distinct splice-site specificity, differtion of foreign sequences or degeneration of preexisting ential subunit interactions, and association with the inself-splicing introns (Cavalier-Smith, 1991; Shub, 1991) . ner nuclear membrane (possibly mediated by a domain
The prior existence of an endonuclease with specificity just amino-terminal to the catalytic cartridge in Sen2).
for a bulge-helix-bulge structure would create a permisAlthough it seems likely that the catalytic cartridge of sive environment where such introns could arise spontathe endonuclease participates directly in the chemistry neously as expansion loops in tRNA or rRNA, or preexof cleavage, it is within the realm of possibility that the isting self-splicing tRNA introns (group I in bacteria, enzyme functions instead as a "maturase" to increase groups I and II in chloroplasts; Figure 1 ) could degenerthe efficiency or accuracy of a self-cleavage reaction.
ate into a protein-dependent form. Both hypotheses are The human and Arabidopsis tRNATyr have indeed been consistent with the lack of sequence conservation observed to undergo self-cleavage at the authentic 3Ј among the different tRNA introns, and with the diverse splice-site bulge, as well as one nucleotide downstream locations of such introns in archaeal tRNA and rRNA. of the authentic 5Ј splice-site, generating 2Ј,3Ј-cyclic Spontaneous generation of tRNA introns and degenphosphate and 5Ј-OH termini (Weber et al., 1996) . The eration of self-splicing introns are not mutually exclusive distinction between a maturase and an enzyme, howpathways. As in the great debate about the antiquity of ever, may be artificial. A catalyst by definition accelermRNA introns, there is likely to be a middle ground. ates a spontaneous reaction, whether it does so by Some mRNA introns may be ancient, others afterperforming the chemistry directly, by straining the rethoughts. Some tRNA introns may be degenerate autoactants so they can perform the electronic maneuvers catalytic introns while others may be spontaneous themselves, or by simply arranging the reactants in expansion loops. Regardless, one is moved to ask, what space. Detailed biochemistry will be required to deteris it about the tiny tRNA molecules that makes them mine whether the tRNA endonuclease participates diattractive homes for introns? rectly in the chemistry of phosphoester bond cleavage, tRNAs as Intron Havens or helps the tRNA to process itself.
The sheer abundance of the stable RNAs would favor Interestingly, the concept of the catalytic cartridge insertion of foreign sequences by providing many taralso applies to DNA endonucleases of several different gets for illegitimate RNA integration events. Subsequent families. For example, in the GIY-YIG family of intron retroposition would immortalize these RNA recombinaendonucleases, the conserved GIY-YIG catalytic domain tion events in DNA genomes. Additionally, the strong is tethered to distinct DNA-binding domains. In the promoter activity of genes encoding abundant RNAs H-N-H family of endonucleases, the catalytic H-N-H dowould open the DNA for integration events of various main is again joined to nonconserved sequences, so that kinds. For this very reason, it is believed that tRNA genes the basic chemistry of phosphodiester-bond cleavage is are favored integration sites of eubacterial pathogenicity tailored to specific situations (Belfort and Roberts, islands, and bacterial and eukaryotic retroelements 1997). Catalytic cartridges as independent protein folding domains that perform a basic chemical reaction, but (Curcio and Morse, 1996; Hacker et al., 1997). However, the facilitated entry of introns into tRNAs is one thing; suffer the consequences as the delicate balance comes undone. Components of the Central Dogma may also persistence of introns in tRNAs is another.
The maintenance of tRNA introns might be favored if be a package deal. While there are clearly some interchangeable parts, many steps are physically coupled the intrinsic structure of tRNA could keep exons aligned, provide a scaffold for endonuclease recognition, and to others, driving selection for integrated pathways. As for the patchwork, perhaps tRNA processing and transjuxtapose the splice sites to allow ready healing of the ends by preexisting RNA ligases. The structure of the lation have more interchangeable parts than we imagined. tRNA may also facilitate self-excision (Weber et al., 1996) . The favored location of tRNA introns just 3Ј to Selected Reading the anticodon could then be explained by selective retention at a site that readily maintains tRNA structure.
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